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Evidence for the presence of a K-dependent acidifying adenosine
triphosphatase in the rabbit renal medulla. To date direct evidence for
the presence of a H-K-ATPase in the medulla comes from proton and
potassium transport studies performed on K-restricted animals and K
dependent ATP hydrolysis and Rb uptake in both normal and K-de-
pleted animals. The present work examines K-dependent acidification
in the medulla of rabbits on normal K diets. A membrane vesicle
preparation was developed that was enriched for apical membranes
derived from the renal medulla. Adenosine triphosphate (ATP)-depen-
dent vesicular acidification was present and the extent of vesicular
acidification was dependent on ambient K concentration. Moreover,
ATP hydrolysis was dependent on ambient K concentration. K-depen-
dent acidification was inhibited by the specific inhibitor of the gastric
H-K-ATPase, SCH28080. However, significant acidification was ob-
served in the absence of K that was not inhibited by SCH28080. The
data suggest that an H-K-ATPase similar to the gastric H-K-ATPase is
present in the renal medulla of rabbits on a normal K diet. The
component of acidification and ATP hydrolysis that is independent of K
concentration likely represents the previously characterized vacuolar
H-ATPase.
The regulation of net renal acid excretion is one of the major
functions of the collecting duct. In particular the outer medul-
lary collecting duct (OMCD) and the inner medullary collecting
duct are known to possess substantial rates of proton secretion
[1—3]. Urinary acidification in these segments is believed to be
in part due to an electrogenic, vacuolar-type H-ATPase [4—6].
This H transport is sensitive to both N-ethyl maleimide (NEM)
and dicyclohexylcarbodiimide (DC CD), known inhibitors of the
vacuolar H-ATPase. Immunocytochemistry studies have local-
ized this H-ATPase to the apical membrane of the intercalated
cells of the medullary collecting duct [6]. Clearly the evidence
supports a role for a H-ATPase in distal urinary acidification.
The collecting duct is also the major site for the regulation of
renal potassium excretion. The cortical collecting duct (CCD)
and its proximal extension, the initial collecting tubule, are the
major sites of K secretion. However, both the CCD and the
OMCD can reabsorb K, and K reabsorption by the OMCD
responds physiologically to changes in K intake [7]. Recently,
the mechanism of this K absorption has received considerable
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attention. Doucet and Marsy [8] demonstrated K-dependent
ATPase (K-ATPase) activity in the rat and rabbit distal neph-
ron. Moreover, this K-ATPase activity increased significantly
with K-depletion, suggesting a role for K-ATPase in K absorp-
tion [8]. K-ATPase activity was insensitive to ouabain and
inhibited by omeprazole or vanadate, suggesting that this activ-
ity was an E1-E2-ATPase with similar pharmacologic sensitivity
as the gastric H-K-ATPase. Garg and Narang also demon-
strated a ouabain-insensitive K-ATPase in the rabbit distal
nephron [9]. Importantly, SCH28080, a hydrophobic imida-
zopyridine that is a K-competitive inhibitor of the gastric
H-K-ATPase, abolished K-ATPase activity. Further work by
Cheval et al [10] have demonstrated SCH28080-sensitive Rb
uptake and K-ATPase in normal rats. Thus, three structurally
distinct inhibitors of the gastric proton pump inhibit K-ATPase
activity in the collecting duct, and this K-ATPase activity
responds appropriately for a K-absorbing pump. However, the
previous studies did not address whether K-ATPase activity in
these mammalian nephron segments is also associated with
ATP-dependent proton transport. In fact, the only direct evi-
dence that this unique ATPase activity represents an active,
proton-secreting K-absorbing ATPase similar to the gastric
H-K-ATPase is derived from studies conducted on K-restricted
animals, Microperfusion studies have shown K absorption and
H secretion in the outer medullary collecting ducts of rabbits
adapted to a K-restricted diet [11]. Omeprazole abolished both
K absorption and H secretion without affecting transepithelial
voltage. These observations are consistent with a non-electro-
genic H-for-K exchange in the OMCD similar to that proposed
for the gastric H-K-ATPase. However, omeprazole has been
reported to inhibit the vacuolar H-ATPase when acid activated
in vitro, raising the possibility that the effects of this agent on
proton transport in the isolated OMCD may be due to inhibition
of H-ATPase.
The present work examines proton transport and K-depen-
dent ATP hydrolysis in medullary membrane vesicles of rabbits
on a standard diet with normal K intake. ATP-dependent
vesicular acidification and ATP hydrolysis are demonstrated to
be a function of the K concentration. The hydrophobic imid-
azopyridine derivative, SCH2SOSO, partially inhibited vesicular
acidification and K-ATPase activity. The results support the
presence of an ATP-dependent proton pump distinct from the
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vacuolar H-ATPase and similar to the gastric H-K-ATPase in
the medulla of rabbits on a normal diet.
Methods
Materials
SCH28080 was provided by Dr. James Kaminski of the
Schering Corp. (Bloomfield, New Jersey, USA). Ouabain,
nigericin, acridine orange, phenylmethylsulfonyl fluoride
(PMSF), N-ethylmaleimide (NEM), and oligomycin were ob-
tained from Sigma Chemical (St. Louis, Missouri). All other
chemicals were purchased from Sigma Chemical or Fisher
Scientific (Pittsburgh, Pennsylvania, USA).
Apical plasma membrane preparation
Three female New Zealand White rabbits (2.0 to 2.5 kg) were
placed on standard chow for seven days. The rabbits were
sacrificed by decapitation, and both kidneys were removed and
sliced coronally. The medulla of the kidneys were dissected and
placed in 20 ml of hypotonic buffer (50 m sucrose, 10 mM
MOPS buffer, 1 mi EDTA, 0.1 mivi PMSF, pH 7.4). Prepara-
tion of the apical membrane-enriched vesicles was adapted
from the method of Kaunitz and Sachs [121. The tissue was
homogenized twice for 15 seconds using a Polytron tissue
homogenizer. The homogenates were combined and diluted 3:1
with isotonic buffer (250 m sucrose, 10 mM MOPS buffer, I
mM EDTA, 0.1 mst PMSF, pH 7.4). Debris was removed by
centrifugation for 10 minutes at 1,000 x g and the supernatant
was decanted and centrifuged three times at 10,000 x g for 20
mm. The pellet was removed and the supernatant was centri-
fuged at 100,000 X g for one hour. The resulting membrane
pellet was suspended manually in 500 tl of transport buffer in a
2 ml Ten Broeck ground glass tissue grinder (Fisher Scientific,
Orlando, Florida, USA). The transport buffers consisted of 5
mM MOPS, 1 mri EDTA, KCI, and tetramethyl ammonium
chloride (TMACI). TMACI and KCI were added to the transport
buffers at various concentrations such that osmolality was
maintained constant at 300 mOsm. All steps were performed on
ice.
For experiments involving ATP hydrolysis, methylglucamine
(MeGluc) and Tris-HCI were substituted for TMACI and
MOPS, respectively. All assays were conducted with identical
intravesicular and extravesicular K concentrations. Protein
content was assayed using the modified Lowry assay [13].
Apical membrane enrichment
Marker assays for determination of membrane enrichment,
including leucine amino peptidase (LAP) [14], Na-K-ATPase
[15], succinate dehydrogenase (SDH) [161, and acid phos-
phatase [17, 18], were measured by standard procedures.
Trans,nission electron microscopy
The microsomal pellet was fixed by overnight immersion in
2% glutaraldehyde in Tyrodes buffer, pH 7.4, then rinsed in 0.1
M Na cacodylate buffer containing 3.6% sucrose. The pellet was
treated with 2% osmium tetroxide in 0.1 M Na cacodylate buffer
for one hour in an ice bath, then fragmented and dehydrated in
a graded series of ethanols before routine embedding in Med-
cast-Araldite 502 (Ted Pella, Inc., Redding, California, USA).
Thin sections were mounted on copper grids and counterstained
with uranyl acetate and lead citrate. They were observed using
a Zeiss EM 10 transmission electron microscope (Carl Zeiss,
Inc., Thornwood, New York, USA) and photographed at a
primary magnification of 9,600x.
Assay of acidification
Measurement of acidification was determined using the pH-
sensitive fluorescent dye acridine orange [12]. The transport
buffer (2 ml) was placed in a cuvette, and ouabain and oligo-
mycin were added to a final concentration of I m and I sg/ml,
respectively. Vesicles (400 tg protein) were suspended in this
solution and acridine orange was added to a final concentration
of 2.5 LM. Solutions were allowed to equilibrate for ten minutes
and then placed in a Perkin-Elmer (Norwalk, CT) Spectropho-
tometer Model MPF-44A. Acidification was initiated by the
addition of ATP to a final concentration of 0.2 mr'vi Mg-ATP (1
mM Tris-HCI, pH 7.4) and the fluorescence of acridine orange
was recorded for 12 minutes (excitation 490 nm, emission 540
nm). The pH gradient was collapsed by the addition of 10 pM
nigericin. SCH28080 inhibition was studied by the addition of
SCH28080 (100 LM) prior to equilibration and compared to
vehicle (DMSO). Vandate inhibition was investigated by the
inclusion of Na1 V04 (0.5 mM).
ATPase assay
The hydrolysis of ATP was determined by measuring the
release of inorganic phosphate (Pi) [19]. For each experiment,
vesicles (100 g protein) were added to the loading solution as
specified in the text. The vesicles were incubated with oligo-
mycin (I sgIml) and ouabain (1 mM) at 37°C for five minutes.
SCH28080 or vehicle were added to the solution and incubated
for one hour at room temperature, as appropriate. The reaction
was started by addition of Mg-ATP to a final concentration of 3
m (in 25 mri Tris, pH 7.5) and the reaction allowed to proceed
for 12 minutes at room temperature. The reaction was stopped
with I ml of 10% trichioroacetic acid (TCA) and centrifuged at
2000 x g for 15 minutes. The supernatant (500 pi) was added to
2.3 ml of an ice-cold solution containing 1.3 ml H,O, 0.4 ml 10%
SDS, and 0.6 ml of a solution containing 33 ml HCI (concen-
trated), 2.5 g NH4MO7O24-4H2O diluted to 100 ml, and this was
incubated for 30 minutes at room temperature. Absorbance was
determined at 700 n, and Pi was determined from a standard
curve of solutions of KH,PO4. The assays were shown to be
linear with respect to both protein concentration and reaction
time.
Results
Characteristic of the vesicle preparation
A microsomal vesicle preparation was developed to evaluate
the presence of an H-K-ATPase in the medulla of K-replete
rabbits. To effect urinary acidification and K reclamation, the
H-K-ATPase must reside in the apical membrane. A series of
enzyme assays were performed to characterize this vesicle
preparation with respect to plasma membrane enrichment.
The activities of the marker enzymes for cellular membrane
fractions were assayed to assess their content in the membrane
vesicle preparation (Table 1). Leucine aminopeptidase activity
was assayed as a marker for apical membrane and was enriched
fourfold in the membrane preparation. A substantial decrease in
Curran et a!: H-K-A TPase in rabbit renal medulla 1095
Table 1. Membrane enzyme activities
Cell lysate Membrane fraction
Enzyme Relative Enzyme Relative
activity activity activity activityc
Leucine aminopeptidase 0.89a 1.0 3.34 3.72
Quabain-sensitive Na/K 7.96a 1.0 9.45 l.l0
ATPase
Acid phosphatase l.871 1.0 2.7 1.46
Succinate dehydrogenase l.l6a 1.0 0.29 0.25
mol P1/mg protein/hrb x 102 LU/ng protein/mi
C Relative activity of the membrane fraction was calculated by
dividing the enzyme activity of the membrane fraction by the enzyme
activity of the cell lysate.
mitochondrial membrane content was seen in the membrane
preparation as demonstrated by reduced SDH activity. The
final membrane preparation contains lysosomal and basolateral
membranes as indicated by significant levels of acid phos-
phatase and ouabain-sensitive Na-K-ATPase activity, respec-
tively.
Transmission electron microscopy indicated that the prepa-
ration was composed primarily of uniform intact membrane
vesicles (Fig. 1). Minimal contamination with lysosomes and
mitochondria was observed. Therefore, the membrane prepa-
ration used to investigate H-K-ATPase activity in the rabbit
renal medulla consisted primarily of plasma membranes in the
form of closed vesicies.
Potassium-dependent acidification and A TP hydrolysis
Ifa gastric-like H-K-ATPase is responsible for urinary acid-
ification in the collecting duct, then acidification and ATP
hydrolysis of an apical membrane vesicle preparation should be
dependent on K concentration. Acridine orange was used to
measure ATP-dependent acidification of the membrane vesicle
preparation. To study the potassium dependence of vesicle
acidification, vesicles were loaded with 0 to 150 mM KCI, and
an appropriate concentration of TMACI was used to maintain
osmolality at a constant 300 mOsm. The degree of acidification
was determined as the ratio of the nigericin reversible quench of
fluorescence to total fluorescence.
A representative set of experiments from a typical vesicle
preparation is shown in Figure 2. Quenching of AO fluores-
cence decreased when vesicies were loaded with smaller con-
centrations of K (Fig. 2). A small amount of nigericin-reversible
quench of fluorescence was evident in the absence of K (data
not shown). Tracings such as those in Figure 2 were used to
calculate the ratio of fluorescence quench to total fluorescence,
and the data were plotted as a function of K concentration (Fig.
3). Although the degree of maximal acidification varied between
individual vesicle preparations, the K dependency was entirely
reproducible in multiple preparations. These data demonstrate
that vesicular acidification was dependent upon K concentra-
tion.
Similarly, ATP hydrolysis activity was measured as a func-
tion of K concentration. Vesicles were studied at K concentra-
tions varying from 0 to 150 mtvi KCI and P1 release from ATP
was plotted as a function of K concentration (Fig. 4). A small
but significant amount of ATP hydrolysis was observed in the
Fig. 1. Transmission electron micrograph of membrane vesicle prepa-
ration. Magnification 26,000x.
absence of K and the presence of ouabain and oligomycin. A
greater than threefold increase in ATP hydrolysis activity was
detected in response to increasing K concentration from 0 to
150 m. The data indicated a large component of ATP hydrol-
ysis activity was dependent on K concentration.
The acidification and ATP hydrolysis experiments, taken
together, clearly indicate the presence of an H-K-ATPase in the
renal medullary membrane vesicle preparation from normokale-
mic rabbits. The presence of K-independent vesicular acidifi-
cation and ATP hydrolysis probably represents the contribution
of the previously described H-ATPase [4].
SCH28080 Inhibition of H-K-A TPase activity
To assess whether our apparent H-K-ATPase was similar to
the gastric H-K-ATPase, vesicle acidification was studied in the
presence of an established inhibitor of the gastric H-K-ATPase.
SCH28080 was selected for these inhibitor studies due to its
high specificity for the gastric H-K-ATPase [20]. The compound
has been shown to act as a competitive inhibitor with respect to
K of the gastric H-K-ATPase [211.
The effect of SCH28080 on K-dependent acidification was
studied as before in the presence of 100 m SCH28080. This
concentration is sufficient to inhibit fully the renal H-K-ATPase
T:-
Fig. 3. A TP-driven fluorescence quenching in renal ,nedullary me,n-
brane vesicles. Fluorescence quenching was recorded as shown in
Figure 2. The ratio of fluorescence quench to total fluorescence was
plotted as a function of potassium concentration in a representative
vesicle preparation. Data points are the mean of two experiments at
each K concentration.
but does not affect 1-{-ATPase [10]. A representative experiment
demonstrating a 50% inhibition of acidification by SCH28080 is
shown in Figure 5 in vesicles loaded with 10 mM KCI. Likewise
SCH28080 (100 /.LM) also inhibited ATP hydrolysis activity by 6
to 28% at all K concentrations with the greatest inhibition, 26%
and 28%, at 0 and 2 mri K, respectively (data not shown).
Analysis of variance for the eight levels of K concentration
demonstrated a highly significant (P < 0.001) inhibition of ATP
hydrolysis by SCH28080.
In addition, the effect of vanadate on vesicular acidification
was investigated. Vanadate is a well known inhibitor of H-K-
ATPase. Vanadate treatment at 0.5 m resulted in a reduction
in fluorescence quenching comparable to that observed in the
SCH28080 experiments (data not shown). Greater inhibition
was observed with increasing concentrations of vanadate.
Discussion
This study reports the presence of an apparent H-K-ATPase
activity in the rabbit renal medulla of K-replete animals. The
activity is similar to the gastric H-K-ATPase with respect to
K-dependence and inhibitor sensitivity. In addition, the present
work constitutes an independent experimental approach, cor-
roborating our previous work [11] in perfused tubules, and
indicates the presence of a functional gastric-like H-K-ATPase
in the collecting duct of K-replete rabbits.
A medullary membrane vesicle preparation enriched for
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Fig. 2. A TP-driven fluorescence quenching in
renal medul!ary membrane vesicles as a
function of potassium concentration in the
transport buffer. Conditions were as described
in Methods. Arrows indicate the addition of
ATP and nigericin. Trace A: 150 mst KCI, B:
50 mM KCI. C: 10 mat KCI.
50 100 150
[K]
Fig. 4. A TP-/,ydrol sis activity in renal medullary vesicles as a func-
lion of potassium concentration in the transport buffer. Conditions
were as described in Methods. Production of inorganic phosphorus was
plotted as a function of potassium concentration for a representative
vesicle preparation. Data points represent a mean of three experiments
at each potassium concentration. Error bars indicate the standard
deviation.
apical membranes was developed to characterize the activity of
this ATPase in the rabbit kidney and was characterized for both
ATP-dependent acidification and ATP hydrolysis activity. Both
vesicular acidification and ATP hydrolysis demonstrated a clear
dependence upon K concentration. Importantly, partial inhibi-
tion of acidification by SCH28080 and vanadate supports the
interpretation that vesicular acidification is due to a gastric-like
H-K-ATPase. SCH28080 has no effect on NEM-sensitive,
vanadate-insensitive H-ATPase at 100 M [101. The small
change in activities in vesicles in the absence of KCI was due to
K-independent acidification and ATP hydrolysis.
SCH28080 failed to completely inhibit vesicular acidification
or ATP hydrolysis. Importantly, SCH28080 had little apparent
effect on K-independent acidification or K-independent ATP
hydrolysis. Therefore, the K-independent activities were likely
due to an enzyme that is not similar to the gastric H-K-ATPase
and probably reflects the presence of an H-ATPase [4, 5, 22,
12].
The evidence indicates that an H-K-ATPase is present in the
renal medulla of K-replete rabbits. This evidence does not
suggest that the enzyme present in the kidney is identical to the
gastric H-K-ATPase. In fact, the significantly higher apparent
Km reported here for the renal H-K-ATPase, as compared to
that published for the gastric H-K-ATPase, would imply that
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Fig. 5. Effect of SC1128080 on renal nedullary membrane vesicle
acidification. Vesicles were suspended in transport bufler (10 mr'i KCI)
containing either SCH28080 (100 zM) or vehicle (DMSO).
K-resorptive process in the medullary collecting duct would
provide an important mechanism for the precise regulation of K
excretion in the final urine after secretion of K by the CCD.
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